Introduction
============

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an autosomal dominant inherited disease. The distinguishing feature of ARVC is the replacement of the myocardium with fibrous fatty tissue, which leads to ventricular tachycardia (VT) and ultimately results in sudden cardiac death (SCD) ([@b1-mmr-19-03-2238]). As reported in previous studies, the majority of patients with ARVC are male ([@b2-mmr-19-03-2238]--[@b5-mmr-19-03-2238]). In addition, the sex disparity in phenotypic presentations of ARVC has been demonstrated by numerous studies. Naneix *et al* ([@b6-mmr-19-03-2238]) indicated that the cause of SCD was more often the cardiomyopathy in women, particularly arrythmogenic right ventricular cardiomyopathy (ARVC). In life-threatening arrhythmias, numerous studies have demonstrated that the male sex is associated with a significantly higher risk of VT ([@b7-mmr-19-03-2238]--[@b9-mmr-19-03-2238]). In order to provide individualized therapy for patients with ARVC, the present study aimed to identify key genes and pathways that may be associated with the diversity of phenotypes between female and male patients.

In the present study, the GSE29819 gene expression dataset was downloaded from the Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs) were defined as genes with significantly different expression levels between female and male patients with ARVC. The biological functions of the DEGs were identified using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses ([@b10-mmr-19-03-2238],[@b11-mmr-19-03-2238]). The protein-protein interaction (PPI) network was constructed using the Search Tool for the Retrieval of Interacting Genes (STRING) database, in order to detect the hub genes and modules ([@b12-mmr-19-03-2238]). The results of the present bioinformatics analysis may aid elucidation of the sex differences of ARVC by identifying the key genes and pathways that contribute to the phenotypes.

Materials and methods
=====================

### Microarray data

The GSE29819 gene expression dataset ([@b13-mmr-19-03-2238]) is based on the gene chip of the Human Genome U133 Plus 2.0 Array platform (Affymetrix; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and was retrieved from the GEO database (<http://www.ncbi.nlm.nih.gov/geo/>). The GSE29819 dataset contains 38 ventricular myocardial samples, including 12 tissues from patients with ARVC, 14 tissues from patients with dilated cardiomyopathy and 12 tissues from individuals with non-failing hearts. The 12 tissues from patients with ARVC were divided into two groups according to sex: The female patients group (4 samples) and the male patients group (8 samples). The identification of DEGs was conducted using GEO2R (<http://www.ncbi.nlm.nih.gov/geo/geo2r/>), which is an online analytical tool for performing comparisons on raw data with the limma R package and GEO-query ([@b14-mmr-19-03-2238]). The results of the comparisons were extracted in file format, and the cut-off criteria for DEGs were set as follows: P\<0.05 and \|log fold-change\|\>1.5.

### GO and KEGG enrichment analyses

GO and KEGG enrichment analyses of the upregulated and downregulated DEGs were conducted separately with the Cytoscape plugin ClueGO (version 2.5.2) ([@b15-mmr-19-03-2238]). The criteria for statistically significant differences were set as follows: P\<0.01 and a κ score of 1.0.

### Integration of the PPI network

Interactions among the DEGs were evaluated using the STRING (version 10.5) database; a combined score of \>0.4 was considered to indicate a statistically significant interaction ([@b16-mmr-19-03-2238]). The integrated networks were visualized with Cytoscape software (version 3.6.1) ([@b17-mmr-19-03-2238]). In addition, the Cytoscape plugin Molecular Complex Detection (MCODE; version 1.31), with a cutoff criterion of MCODE score \>5, was used to identify molecular modules in the PPI network ([@b18-mmr-19-03-2238]). Further functional annotation of the modules was achieved with STRING (version 10.5) ([@b16-mmr-19-03-2238]). The Cytoscape plugin cytoHubba (version 0.1), with the ranking methods of maximal clique centrality (MCC), was used to identify the hub genes ([@b19-mmr-19-03-2238]).

Results
=======

### Identification of DEGs in patients with ARVC of different sexes

The datasets were analyzed using GEO2R and 1,188 DEGs were identified, of which 915 were upregulated and 273 were downregulated in the male group. The DEGs were used to construct a heat map ([Fig. 1](#f1-mmr-19-03-2238){ref-type="fig"}) and a volcano plot ([Fig. 2](#f2-mmr-19-03-2238){ref-type="fig"}).

### Functional enrichment analysis

The upregulated and downregulated DEGs were processed separately with ClueGO for GO and KEGG pathway analyses. In terms of molecular function (MF), the upregulated DEGs were mostly enriched in 'glycine binding', 'voltage-gated cation channel activity', 'voltage-gated ion channel activity', 'voltage-gated channel activity', 'gated channel activity' and 'ion gated channel activity' ([Fig. 3A](#f3-mmr-19-03-2238){ref-type="fig"}), whereas the downregulated DEGs were mainly enriched in 'growth factor binding', 'extracellular matrix structural constituent conferring tensile strength', 'platelet-derived growth factor binding' and 'androgen receptor binding' ([Fig. 3B](#f3-mmr-19-03-2238){ref-type="fig"}).

The KEGG pathway analysis revealed that the upregulated DEGs were substantially enriched in the 'nicotine' pathways ([Fig. 4A](#f4-mmr-19-03-2238){ref-type="fig"}), whereas the downregulated DEGs were substantially enriched in the 'ECM-receptor interaction' and 'protein digestion and absorption' pathways ([Fig. 4B](#f4-mmr-19-03-2238){ref-type="fig"}).

### PPI network construction, and module and hub gene identification

Detection of interactions among the DEGs was performed by constructing a PPI network, which contained 899 nodes and 1,627 edges ([Fig. 5](#f5-mmr-19-03-2238){ref-type="fig"}). With a cutoff criterion of MCODE score \>5, four modules were identified, which were significantly enriched in the following pathways: DEGs in module 1, including LPAR5, FPR2, ADCY2, GABBR2, FPR1, HCAR1, PTGER3 and CNR1, were enriched in 'neuroactive ligand-receptor interaction', 'taste transduction' and 'Rap1 signaling pathway'; DEGs in module 2, including KLHL25, CUL3, HERC1, CUL7, CCNF, UBR2, FBXO9, FBXO10 and TRIM36, were enriched in 'ubiquitin mediated proteolysis'; DEGs in module 3, including OXT, HRH1, F2R, KALRN, CCKBR, HTR2B, HCRTR1 and BRS3, were enriched in 'neuroactive ligand-receptor interaction' and 'calcium signaling pathway'; and DEGs in module 4, including COL1A2, COL1A1, COL3A1, COL6A1, COL14A1, COL27A1 and COL9A2, were enriched in 'protein digestion and absorption', 'ECM-receptor interaction', 'focal adhesion', 'PI3K-Akt signaling pathway', 'amoebiasis' and 'platelet activation' ([Fig. 6](#f6-mmr-19-03-2238){ref-type="fig"}). Based on the ranking methods of MCC, the following genes were identified as the top 10 hub genes ([Fig. 7](#f7-mmr-19-03-2238){ref-type="fig"}): Kininogen 1 (KNG1), lysophosphatidic acid receptor 5 (LPAR5), formyl peptide receptor (FPR) 2, adenylate cyclase 2 (ADCY2), γ-aminobutyric acid type B receptor subunit 2 (GABBR2), FPR1, hydroxycarboxylic acid receptor 1 (HCAR1), prostaglandin E receptor 3 (PTGER3), cannabinoid receptor 1 (CNR1) and proenkephalin (PENK).

Discussion
==========

Numerous studies have focused on the sex differences in the phenotypes of ARVC and have revealed substantial diversity in clinical presentations, including SCD or VT, between female and male patients ([@b6-mmr-19-03-2238]--[@b9-mmr-19-03-2238]). The aim of the present study was to aid identification of the cause of these differences using bioinformatics analysis.

ARVC is an inherited disease with 12 confirmed related genes. Notably, none of these 12 genes exhibited statistical sex differences in the present study, indicating the possible involvement of other symptom-associated genes. In the present study, the genetic profile data were extracted from the GEO database and analyzed with GEO2R. The analysis revealed that 1,188 genes were differentially expressed between the female and male patients with ARVC, of which 273 were downregulated and 915 were upregulated.

A previous study identified a splice site homozygous deletion in solute carrier family 6 member 6 (SLC6A6) in patients with idiopathic dilated cardiomyopathy, indicating the possible role of SLC6A6 in the pathophysiology of heart failure (HF) ([@b20-mmr-19-03-2238]). Natriuretic peptide (NPP) A and NPPB were two significantly downregulated DEGs in the present study. The NPPB promoter regulates the dynamic expression of NPPA, and NPPA has previously been demonstrated to be highly expressed during ventricular stress ([@b21-mmr-19-03-2238]). The disparity detected in NPPA expression suggests markedly different levels of ventricular stress between the groups, which may leads to diverse phenotypes. Ubiquitin specific peptidase 9 Y-linked (USP9Y), ribosomal protein S4 Y-linked 1 (RPS4Y1) and eukaryotic translation initiation factor 1A Y-linked (EIF1AY) were significantly upregulated DEGs in the present study. Similar patterns of expression were demonstrated by Heidecker *et al* ([@b22-mmr-19-03-2238]), thus suggesting that overexpression of USP9Y, RPS4Y1 and EIF1AY may contribute to sex differences in the pathophysiology of HF.

The GO analysis revealed that, in the molecular function domain, the downregulated DEGs were significantly enriched in extracellular matrix (ECM) structural constituent. A previous study demonstrated that proteolysis-mediated signaling can enhance accumulation of the ECM, which contributes to negative remodeling of the left ventricle and may eventually lead to severe HF ([@b23-mmr-19-03-2238]). This may be a possible mechanism in certain patients that present with severe HF. In the MF domain, the majority of DEGs in the present study were enriched in 'glycine binding', 'voltage-gated cation channel activity', 'voltage-gated ion channel activity', 'growth factor binding', 'extracellular matrix structural constituent conferring tensile strength', 'platelet-derived growth factor binding' and 'androgen receptor binding'. A number of these results are consistent with those of previous studies. Qi *et al* ([@b24-mmr-19-03-2238]) suggested that glycine protects cardiomyocytes from lipopolysaccharide and hypoxia/reoxygenation injury by blocking the influx of calcium. Numerous studies have demonstrated that 'voltage-gated channel' markedly contributes to VT ([@b25-mmr-19-03-2238]--[@b27-mmr-19-03-2238]). Therefore, dysregulation in these DEGs may cause different phenotypes between the sexes.

Using MCODE, four modules were identified that were enriched in the following pathways: 'neuroactive ligand-receptor interaction', 'taste transduction', 'Rap1 signaling pathway', 'ubiquitin mediated proteolysis', 'calcium signaling pathway', 'protein digestion and absorption', 'ECM-receptor interaction', 'focal adhesion', 'PI3K-Akt signaling pathway', 'amoebiasis' and 'platelet activation'. These pathways may have served a role in the diversity of clinical presentations between the sexes. Using the KEGG database ([@b28-mmr-19-03-2238]), the majority of pathways enriched in modules 1 and 3 were mapped in 'environmental information processing', including 'signaling molecules and interaction' and 'Signal transduction'. The DEGs in module 1, including LPAR5, FPR2, ADCY2, GABBR2, FPR1, HCAR1, PTGER3 and CNR1, were involved in the 'signaling molecules and interaction' and 'signal transduction' pathways, suggesting that these hubs contribute to the sex differences of phenotypes via 'environmental information processing'. Pathway of 'ubiquitin mediated proteolysis' was enriched in module 2, indicating the possible involvement of the well-known protein degradation systems 'ubiquitin proteasome' in the development of ARVC ([@b29-mmr-19-03-2238]). In addition to 'environmental information processing', the pathways of 'amoebiasis', 'platelet activation' and 'protein digestion and absorption' were significantly enriched in module 4. Since both the 'amoebiasis' and 'platelet activation' pathways participate in the activity of the immune system, it may be hypothesized that the DEGs (collagen type I α1 chain, collagen type I α2 chain, collagen type XXVII α1 chain and collagen type III α1 chain) in module 4 function in the various clinical presentations of ARVC via the immune mechanism ([@b30-mmr-19-03-2238],[@b31-mmr-19-03-2238]).

The following 10 hub genes with a high level of connectivity were identified using cytoHubba: KNG1, LPAR5, FPR2, ADCY2, GABBR2, FPR1, HCAR1, PTGER3, CNR1 and PENK. Variations of the KNG gene can impact the aldosterone response, which markedly contributes to structural alterations in the heart ([@b32-mmr-19-03-2238],[@b33-mmr-19-03-2238]). FPR agonists act in favor of cardioprotection ([@b34-mmr-19-03-2238]). Therefore upregulation of the DEGs KNG1, FPR1 and FPR2 in female patients may reduce pathological cardiac reconstruction and increase cardiac protection, resulting in a lower chance of SCD. A similar deduction can be made for LPAR5, which is expressed in H9c2 cardiomyocytes. Ectonucleotide pyrophosphatase/phosphodiesterase 2/LPAR5 signaling regulates ferroptosis-related genes (glutathione peroxidase 4, acyl-CoA synthetase long chain family member 4 and nuclear factor, erythroid 2 like 2) and adjusts the survival signals of cardiomyocytes in order to protect cardiomyocytes from ferroptosis. PENK encodes the protein proenkephalin, which is mainly located in skeletal and cardiac muscle ([@b35-mmr-19-03-2238]). In a previous study, the level of PENK was used to assess the progression of HF ([@b36-mmr-19-03-2238]). Treskatsch *et al* ([@b37-mmr-19-03-2238]) demonstrated that rats with severe HF develop overexpression of PENK. Furthermore, PENK is considered an independent risk predictor in the prognosis of patients with HF ([@b38-mmr-19-03-2238]). Therefore, downregulation of PENK in female patients indicated that relatively preserved heart function may be the reason for a lower incidence of SCD. A limitation of the present study is that verification was not conducted, as ARVC is a relatively rare disease and the number of available genetic data profiles is limited.

The present study used bioinformatics analysis as a tool to identify genes and pathways that may be responsible for the sex differences in ARVC. The results of this study provided genetic insights into the diversity in the phenotype and clinical characteristics between female and male patients. However, further studies that verify these results are required. Only a few of the candidate DEGs identified in this study have been associated with HF or VT in previous studies. Further studies are required to establish the specific molecular mechanisms underlying the effects of the DEGs and pathways involved in different clinical presentations of ARVC between the sexes.
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![Heat map of the top 100 differentially expressed genes. Red indicates upregulated genes and blue indicates downregulated genes.](MMR-19-03-2238-g00){#f1-mmr-19-03-2238}

![Volcano plot of DEGs. Blue indicates DEGs with an absolute value of \|log2FC\|\>1.5. DEGs, differentially expressed genes; FC, fold change.](MMR-19-03-2238-g01){#f2-mmr-19-03-2238}

![(A) Enrichment of upregulated DEGs in MF terms. (B) Enrichment of downregulated DEGs in MF terms. DEGs, differentially expressed genes; MF, molecular function.](MMR-19-03-2238-g02){#f3-mmr-19-03-2238}
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\(A\) Enrichment of upregulated DEGs in KEGG pathways. (B) Enrichment of downregulated DEGs in KEGG pathways. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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![Protein-protein interaction network; Green, module 1; red, module 2; yellow, module 3; blue, module 4. Arrowheads indicate upregulated DEGs and diamonds indicate downregulated DEGs. DEGs, differentially expressed genes.](MMR-19-03-2238-g05){#f5-mmr-19-03-2238}

![Enrichment of modules in Kyoto Encyclopedia of Genes and Genomes pathways. Green, module 1; red, module 2; yellow, module 3; blue, module 4.](MMR-19-03-2238-g06){#f6-mmr-19-03-2238}

![Top 10 hub genes. Color depth for ranking of hub genes. The sequence of colors is red-orange-yellow from high ranking to low ranking.](MMR-19-03-2238-g07){#f7-mmr-19-03-2238}
